Sand dunes can change location, form or dimensions depending on wind direction and strength. Sand dune movements can be effectively monitored through the comparison of multi-temporal satellite images. However, not all remote sensing platforms are suitable to study sand dunes. This study compares coarse (Landsat) and fine (Worldview) resolution platforms, specifically focussing on sand dunes within the Ubari Sand Sea (Libya). Sand dune features (crest line, dune ridge basal outlines) were extracted from Landsat and Worldview 2 imagery in order to construct geomorphic maps. These geomorphic maps were then compared using image overlay and differencing, and the Root Mean Squared Error (RMSE) was used to determine if the mapped dune patterns were significantly different. It was found that Landsat is a sufficient data source when studying dune patterns within a regional sand sea, but smaller dunes identified from Worldview data were not capable of being extracted in the data sourced from Landsat. This means that for studies concerned with the dune patterns and movements within sand seas, Landsat is sufficient. But in studies where the specific dynamics of specific dunes are required, a finer resolution is required; platforms such as Worldview are needed in order to gain more detailed insight and to link the past and present day climate and environmental change.
INTRODUCTION
Sand dunes (and draa or mega dunes) are one the most significant features created by wind driven deposition (Blumberg, 2006) . For sand dunes to form, a delicate balance between the sediment supply, geomorphology and boundary layer climate is needed. Usually sand dune formation requires an ample supply of loose sand, little or no vegetation cover, strong winds (above the grain size threshold velocity), and topographic context that favour in sand deposition (Tsoar, 2001) . Dunes within inland sand seas can change location, extend or grow (in length and height), or change form depending on wind direction and strength (Levin et al., 2004; Blumberg, 2006; Howari et al., 2007) . Dune formation and movement is influenced by the present and past climate of an area. Thus changes in climate can either reactivate stable dunes or stabilize active dunes (through changes in wind power, precipitation, evapotranspiration and ultimately changes in vegetation cover) and can lead to desertification (Yizhaq et al., 2009) .
In desert areas (e.g. Egypt, Libya) sand dune movement is a hazardous phenomenon and can pose a threat to modern anthropogenic activities, developmental plans, and existing land use and land cover (including infrastructure, drainage patterns and irrigation networks) and to the survival of archaeological sites and ancient places (Phillips et al., 2004; El-Magd et al., 2013; Sparavinga, 2013; Amirahmadie et al., 2014) .
In order to enable mitigation and/or prevention of this damage, dune migration rates and direction need to be studied (Sparavinga, 2013) . It has been found that sand dune movements can be effectively monitored through the comparison of multi-temporal satellite images (El-Magd et al., 2013) . Remotely sensed data can provide information at regular/multi-temporal and large area coverage for analysis and measurements at low cost, unlike field measurements which are constrained both spatially and temporally (El-Magd et al., 2013) . Al-Dabi et al. (1998) and Yao et al. (2007) concluded that Landsat imagery, in particular, is a useful tool in the tracking of dune migration and pattern identification. Al-Dabi et al. (1998) used multi-temporal Landsat (TM) images to monitor the temporal and spatial changes in the dune patterns in northwest Kuwait and Yao et al. (2007) also used multitemporal Landsat (TM, MSS, ETM) images to study dune migration on the northern Alxa plateau, Inner Mongolia, China.
Several other studies have used remote sensing to study single dune morphology and migration (White et al., 1997; Al-Dabi et al., 1998; Levin et al., 2004) and some studies at a dune field scale (Janke, 2002; Bailey & Bristow, 2004; Levin et al., 2006; Mohamed & Verstraeten, 2012) . Determining the rates of sand dune movements and their spatial and temporal variations can be useful in order to protect both anthropogenic and natural resources (El-Magd et al., 2013) and relationships between dune dynamics and climate. Hugenholtz et al. (2012) identified several challenges associated with the use of remote sensing to study sand dunes and their environment including the spatial scale and limits of dunes and the spatial resolution of remote sensing data used to identify dunes (Hugenholtz et al., 2012) .
There are different satellite remote sensing platforms available that have different spatial, spectral (Amirahmadi et al., 2014) and temporal resolutions, as well as different revisit times (Table 1) . Not all remote sensing platforms are suitable to study sand dunes and their movement. Spatial scale and spectral resolution plays an important role, and the expense concerned with acquiring higher resolution remotely sensed data. If the same patterns can be detected at a coarser spatial resolution as at a finer spatial resolution, future studies may avoid unneeded high costs associated with high resolution data, unless very detailed analytical data are needed.
Previous studies have made use of a wide range of platforms to study different aspects of sand dunes including dune migration (Al-Dabi et al., 1998; Mohamed & Verstraeten, 2012) , sediment transport pathways (Pease et al., 1999) , tracking desertification and dune encroachment processes (Paisley et al., 1991; Lam et al., 2011) , spatial variability of dune and interdune morphology (Al-Masrahy & Mountney, 2013) and discriminating between different sand populations (Paisley et al., 1991; Lam et al., 2011) . The most common platforms that were used in these studies include: Landsat (Mohamed & Verstraeten, 2012; AlMasrahy & Mountney, 2013) , SRTM (Blumberg, 2006; Effat et al., 2012) , SPOT (Ghadiry et al., 2012; El-Magd et al., 2013) and Quickbird (Hesse, 2009; Levin et al., 2012) . After Hugenholtz et al. (2012) , the aim of this study is to compare Landsat and Worldview 2 imagery to determine if similar dune patterns can be detected at the two different spatial resolutions (Landsat vs. Worldview 2), and ultimately to study dune migration within the Ubari Sand Sea.
Platform

Study Area
The region considered for this study is the Ubari Sand Sea (Fig.  2 ) located within the Libyan Fazzan in the Central Sahara, and covers an area of approximately 61 000 km 2 . This Sand Sea has gone relatively unnoticed by previous studies, and due to its location and climate it is ideal for remote sensing studies. Unfortunately no ground truthing could be done as this area is currently inaccessible.
The geology of the Fazzan forms part of the Murzuq basin and consists primarily of Paleozoic to Mesozoic sandstones and shales (Cremaschi & Zerboni, 2009 ). The Ubari Sand Sea is located within the Murzuq Basin (Tawardos, 2001) . The base of the Murzuq basin is mainly composed of continental sandstones (Cambrian and Ordovician age) and is overlain by Paleozoic rocks (mostly sandstone). The sandstone is overlain by shallowwater and/or continental sediment (Jurassic and Lower Cretaceous age). A large part of the area is covered in recent windblown sand separated by isolated bedrock hills (Sinha & Pandey, 1980) . The Ubari Sand Sea can be found within the Wadi ash-Shati and Wadi al-Ajal. The sand sea is covered dominantly by longitudinal sand dunes orientated southwest to northeast that can exceed 200 m in height. Several oases can be found in this region (Goudarzi, 1970) . To the northeast of the sand sea the Al Qarqaf Arch reaches a height of approximately 700 m a.s.l., and to the south the Hamada el Murzuq (consisting of Nubian sandstone) also reaches a height of approximately 700 m a.s.l. and separates the Ubari and Murzuq sand seas. The study site is approximately 500 m a.s.l.
The climate of the area is characterised by the harmattan (north eastern trade winds) that prevails across the Sahara; these winds extend to the Inter Tropical Convergence Zone (ITCZ) at the surface and carry dust (Laity, 2008) . The desert climates in the Sahara can mainly be attributed to the Subtropical high pressure cell that covers a large area of the African continent (Thomas, 1997; Mamtimin et al., 2011) . The Central Sahara has been described as being the most arid sector within the Sahara, however occasionally moisture enters this area and the mountains in the area orographically enhance rainfall (Laity, 2008) . The average temperature and precipitation (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) within two of the towns located at the edges of the Ubari Sand Sea are 31˚C (summer) and 15˚C (winter), with an average rainfall of 1.7-1.9 mm (summer and winter respectively) in Ubari (26˚34'59'' N; 12˚45'59'' E; 463 m a.s.l.; Fig. 1 ). Similarly Sabha (27˚02'19'' N; 14˚25'35'' E; 432 m a.s.l.; Fig. 1 ) has average temperatures of 31˚C (summer) and 14˚C (winter) but no precipitation was recorded for the ten year period. The average wind speed for these two areas range between 6.5-8.3 km/h (winter and summer respectively) in a dominantly Easterly direction (Ubari) and 15.7-20.1 km/h (winter and summer respectively) in a dominantly East to North-East direction (Sabha) (WeatherOnline, 2014a; 2014b; Weatherbase, 2015a; 2015b) . and the towns Ubari and Sabha.
METHODOLOGY
The study area in question consists of two Landsat tiles and three Worldview 2 strips (Acquisition date for both: September, 2014). Each Landsat tile was atmospherically corrected with the use of the FLAASH Atmospheric Correction Model within ENVI v5.1 (Table 3 ). The corrected tiles were then mosaicked with the use of the "Seamless Mosaic" function within ENVI (Table 3 ). The Worldview 2 strips' DN values were converted to reflectance with the use of the "Radiometric Calibration" function and the strips mosaicked with the use of "Seamless Mosaic" function within ENVI (Table 3) .
The
A range of classification modules (available in ENVI v5.1) was explored. A K-Means unsupervised classification (Table 3) was performed, on both Landsat and Worldview; in order to determine if the different dune features (including crest, slopes and inter-dune area) can be identified based on spectral information only. The classification was run using 11 classes to cater for the other features (lakes, settlements and vegetation) present in the classification, and to exclude these from the dune features that are the focus of the study.
To verify or assess the reliability of the classification of sand dune features based on the unsupervised classification, two supervised classification modules (maximum likelihood and minimum distance, Table 3 ) were also performed on both images. The training samples were developed based on the higher spatial resolution Worldview imagery overlain over SRTM (in order to ease the identification of the crest of the dune). A total of 11 classes were identified (Table 4) .
A simple comparison of Worldview and Landsat was made with the use of Image differencing (Table 3) performed on a subset of the study area (Change Detection Difference Map, ENVI) in order to obtain a visual comparison in the form of a change map of the different classification modules for the two spatial resolutions. The classified Landsat images were resampled (Table 3) , with the use of ENVI, to match the pixel size of the Worldview imagery to allow for image differencing. The Change Detection Statistics Module (ENVI, 
RESULTS
Unsupervised Classification
The 11 classes and respective features of the K-Means (Unsupervised Classification) images ( Figure 5 ) can be seen in table 6. There is some overlap between a few classes with respect to the different features that can be identified. For example both classes 10 and 11 represent a section of the crest. Classes 8 and 9 represent interdunal areas and dune slopes respectively and class 2 represent lakes. The unsupervised classification ( Figure 5) gives a general idea of the dune features but is not able to separate the slopes from the crest and interdune areas successfully. 
Supervised Classification
The classification images that resulted from the Supervised Classifications can be seen in Figure 7 . Since the two types of supervised classification are very similar (visually and statistically) they can be discussed together. Within these images (Figure 7) there is a clearer distinction between the different dune features. However there is still some mixing of the different classes, especially in the lower section of the image between the slope and crest and slope and interdune areas. From Figure 8 it can be seen the orientation and length of the dunes are similarly classified between the two platforms. The width however is not similar, showing much change in those areas. The K-Means classification performs well for the lake class but for the other classes (especially the dune feature classes) it does not (Table 9 ). The Maximum Likelihood and Minimum Distance perform well for the classification of dune crests and interdunal areas. Overall the classification of the slope is problematic in all 3 classification modules; all showing differences of more than 50% (Table 9 ). Based on the RMSE the K-Means classification module performs the best for the overall classification of the area (Table 10 ). 
DISCUSSION
These results are preliminary and further analysis is needed (including other areas). The K-Means classification performs very well in the classification of other classes (e.g. lakes) but when considering the classification of the specific dune features a combination of Minimum Distance and Maximum Likelihood performs better, therefore it will be more appropriate to use supervised classifications for the study of sand dunes.
In general the dune crest and interdunal areas can easily be identified from both images, but the slope remains difficult to identify in both. This can be overcome, as the slope can be considered to be the area between the crest and interdunal area, therefore the calculation of dune area will not pose much difficulty.
At this stage no comment can be made to the accuracy of the classifications as no field data could be collected to verify the classification. The future of this study might consider using SRTM or another DEM to verify some of the resulting classifications.
From the resulting images and measurements it can be argued that similar dune patterns and crest orientations can be identified from the different spatial resolution data sources. However, it can be suggested that the accuracy and ease with which the dune features can be defined increases with a finer spatial resolution.
Landsat is sufficient in mapping the general dune patterns (crest and interdunal areas), orientation and size independent of the classification method, but is not sufficient in the detection of the ripples or smaller and/or superimposed dunes that are present within the study site (can be seen on Worldview imagery). For the purposes of the future of this study Landsat imagery should be sufficient in determining the overall migration rate and direction of the dunes present in the Ubari Sand Sea. Studies concerned with the specific dynamics and dimensions of dunes should consider using higher resolution imagery.
This paper only covers a small section of the overall study. Further analysis of the sand sea especially with respect to automated feature extraction methods and dune migration on the sand sea scale can follow.
CONCLUSIONS
Although from an overall classification comparison perspective it may seem that the unsupervised classification performs the best, the supervised classifications performs better with respect to the identification of the dune features. A coarse resolution (Landsat) is sufficient in mapping the general dune features (crest and interdunal) independent of the classification method. Landsat will thus be sufficient for mapping and determining the dune migration rates and direction of those located in the Ubari Sand Sea.
